Brome mosaic virus (BMV) genomic RNA2 encodes the 94-kDa 2a protein, which is one of two BMV nonstructural proteins required for RNA replication and subgenomic mRNA transcription. 2a contains a central polymeraselike region, which has extensive sequence similarity with the Sindbis virus nsP4 and tobacco mosaic virus (TMV) 183-kDa replication proteins, and also contains N-and C-terminal flanking segments without counterparts in the Sindbis virus and TMV nonstructural proteins. To further investigate the roles of the central and flanking segments in 2a, we have constructed a series of deletion and frameshift mutants in a biologically active BMV RNA2 cDNA clone and tested their ability to support viral RNA replication in barley protoplasts and systemic infection in whole barley plants. The entire 125-amino-acid C-terminal segment following the polymeraselike region was dispensable for RNA replication and transcription. Within the 200-amino-acid N-terminal flanking segment, deletion of the first 50 residues dramatically reduced genomic and subgenomic RNA accumulation, and deletion of 100 or more residues abolished detectable RNA synthesis. All mutations removing residues from the central polymeraselike domain also blocked RNA replication in trans. Sequences required in cis for RNA2 replication or stability were found to occur within the first 300 nucleotides of the 2a coding region. In whole barley plants, systemic infection was inhibited even by 2a deletions that supported strong RNA replication in protoplasts. Some replication-competent 2a variants failed to spread to uninoculated leaves, while others showed 10-to 500-fold-reduced virus yield in both inoculated and uninoculated leaves. These reductions were not due to any defects in RNA2 encapsidation.
Positive-strand RNA viruses include many significant human and animal pathogens and the majority of plant viruses. Within this class, many outwardly dissimilar viruses encode related nonstructural proteins involved in viral RNA replication (5, 13, 21, 25) . The plant bromoviruses, for example, encode RNA replication factors that have extensive similarities with nonstructural proteins of the animal alphaviruses, tobacco mosaic virus (TMV), alfalfa mosaic virus, and many other plant viruses.
The type member of the bromoviruses is brome mosaic virus (BMV). Like other bromoviruses, BMV is an icosahedral virus whose genome is divided among RNA1 (3.2 kb), RNA2 (2.9 kb), and RNA3 (2.1 kb) (2, 4) . RNA3 encodes nonstructural protein 3a, which is required for systemic spread of infection (8) , and the subgenomic coat protein mRNA, RNA4. RNAs 1 and 2 encode proteins la (109 kDa) and 2a (94 kDa), respectively, which together are sufficient to direct viral RNA replication in protoplasts (19, 31) . A variety of mutations in BMV la or 2a perturb or abolish RNA replication (33, 34, 53) . la is related to the TMV 126-kDa protein and to Sindbis virus proteins nsPl and nsP2 (5) , which have also been implicated in RNA replication (23, 24, 28, 52) . Recent results suggest that the conserved domains in la and its homologs may encode a helicase (22, 26) and possibly methyltransferase (38) and guanylyltransferase (16) activities involved in viral RNA capping.
BMV protein 2a has an extended region of even higher sequence similarity with the TMV 183-kDa protein, Sindbis virus nsP4, and several known RNA-dependent RNA polymerases (9, 25, 30, 43) . This nearly 500-amino-acid, polymeraselike conserved domain constitutes the C-terminal 85% of the Sindbis virus nsP4 readthrough protein and the entire readthrough domain of the TMV 183-kDa protein, which is translated by readthrough of the leaky termination codon following the la-like 126-kDa open reading frame. The corresponding BMV sequences are located in the central portion of the 822-residue 2a protein, beginning near amino acid 200 and ending near amino acids 683 to 689, which align with the C termini of the TMV 183-kDa and Sindbis virus nsP4 proteins (25) . Thus, 2a contains substantial N-and C-terminal segments that lack apparent counterparts in the corresponding polymeraselike proteins of TMV and Sindbis virus.
To investigate the roles of the N-and C-terminal segments flanking the central polymeraselike core of BMV 2a protein, we have constructed a series of 2a frameshift and deletion mutants and tested these mutants for replication in protoplasts and systemic infection of whole barley plants. The results show that essentially the entire C-terminal segment but only a small portion of the N-terminal segment can be deleted from 2a without blocking RNA replication. Moreover, although some N-and C-terminal 2a deletion mutants are capable of supporting systemic infection of barley plants, the in planta yield of virus bearing these mutations was substantially reduced compared with the wild type (wt) and did not parallel the relative levels of RNA accumulation in protoplasts. These results complement those of an earlier RNA replication study that exchanged selected 2a gene 2808 TRAYNOR ET AL.
MATERIALS AND METHODS
Plasmid constructions. Full-length cDNA copies of wt BMV RNA1, RNA2, and RNA3 are contained in plasmids pBlTP3, pB2TP5, and pB3TP8, respectively; infectious transcripts can be synthesized from these templates by T7 RNA polymerase (29) . Deletion and frameshift mutations were introduced into pB2TP5 as described below, by standard recombinant DNA techniques (10, 36) . RNA2 sequence numbering below is as given in reference 2.
Oligonucleotide-directed, in-frame deletions in the N-terminal region of the BMV 2a gene were performed according to the method of Kunkel et al. (35) . The (18) or CCMV (6) . The probe specific to RNA2 (used in Fig. 4) 
RESULTS
To examine the possible contributions of the central polymeraselike domain and the flanking N-and C-terminal domains of the BMV 2a protein to RNA replication and systemic spread of BMV infection, a series of frameshift and deletion mutations were introduced into a biologically active wt BMV RNA2 cDNA clone ( Fig. 1 and Table 1 ). The design of these mutations was aided by inspection of 2a sequence alignments with similar proteins from alfalfa mosaic virus, TMV, and Sindbis virus (25) . Deletion borders and frameshift sites were verified by restriction analysis and nucleotide sequencing as described in Materials and Methods. In vitro translation of transcripts from each construct yielded products of the expected sizes (results not shown). Most of the RNA2 mutants were from a plasmid series designated PTn, where n is the identification number of each mutant. To simplify labeling, these mutants are referred to in the figures by identification number alone (e.g., 16 = PT16). RNA2 mutants derived from other series of plasmid constructions are referred to with their identifying prefixes (e.g., SB8, PAll, BBC2). All RNA2 mutants used in this study are diagramed and labeled in Fig. 1 .
The ability of the altered 2a proteins to support viral RNA replication was tested by inoculating barley protoplasts with in vitro transcripts of each RNA2 derivative plus transcripts from wt RNA1 and RNA3 cDNA clones. Each mutant was tested in at least six independent protoplast experiments and gave consistent results. In preliminary experiments, all mutations that removed residues from the central, polymeraselike domain of 2a prevented detectable RNA replication (results not shown). These mutations include contiguous deletions PT70, PAll, PA12, and PA13, which together span the entire polymeraselike region (Fig. 1) . Frameshift mutations SB8 and SB9, affecting only C-terminal portions of this region ( Fig. 1) , also block RNA replication (53) . Based on these results, the N-and C-terminal 2a segments were targeted for more detailed deletion analysis as described below.
N-terminal deletions show a gradient of RNA replication activity. Northern blot analysis showed that 2a proteins with increasingly larger amino-terminal deletions supported decreasing levels of viral RNA accumulation in protoplasts (Fig. 2) . Deletion of amino acids 3 to 24 in mutant PT14 caused a slight decrease in activity compared with the wt. Deletion of amino acids 3 to 51 in mutant PT16 substantially reduced but did not abolish RNA synthesis, as evidenced by the production of visible bands for genomic RNAs 1 to 3 and subgenomic RNA4, which is not present in the inoculum. Deletion of amino acids 3 to 101 and 3 to 202, in mutants PT18 and PT24, respectively, blocked detectable RNA replication. In mutant PT20, base substitutions creating a new AUG codon three codons upstream of the wt 2a initiation site had no apparent effect on 2a activity (Fig. 2) contain deletions at both ends of the reading frame, as indicated. All deletions preserve the 2a reading frame except for PT60, PT80, and PA13, which introduce frameshifts following the deletion (see asterisks); these mutants were constructed primarily for mapping cisacting sequences (Fig. 4) aD, deletion; E, extension; F, frameshift; DD, double deletion. b Number of wt residues eliminated from either end of the proteins by frameshift or deletion. N, N-terminal residues; C, C-terminal residues.
c Number of additional, alternative-frame residues added to either end of the protein by frameshift or deletion. N, N-terminal residues; C, C-terminal residues.
To confirm the ability of frameshift mutant PT10 to support RNA replication and to rule out the possibility of reversion or leaky termination, deletion mutant PT50 was constructed ( Fig. 1 and Table 1 ). The proteins encoded by mutants PT10 and PT50 each contain the same wt amino acids, but while the reading frame in mutant PT10 extends nine codons after the introduced frameshift, that in mutant PT50 terminates after a single alternative-frame codon downstream from the deleted segment. Unlike the relatively low level of mutant PT10 activity, mutant PT50 directed nearly wt levels of RNA accumulation (Fig. 3) . As was found previously (53), RNA2 hybrid BBC2 also directed replication at levels only slightly below wt (Fig. 3) . In BBC2 the BMV 2a segment following amino acid 591 has been replaced with the corresponding 2a segment from a distinct bromovirus, CCMV (see reference 7 for comparison of the BMV and CCMV 2a proteins). (Fig. 3) was similar to that of mutant PT14 (Fig. 2) . Mutant PT66, which bears the N-and C-terminal deletions of mutants PT16 and PT50, encodes a 2a protein of 649 amino acids. In repeated experiments and direct comparisons, the RNA replication activity of this double truncated protein (Fig. 3) Fig. 1 . As shown previously (53) and in Fig. 5 below, BBC2 RNA2 accumulates to a significant level in such infections. The BBC2 RNA2 band was not visualized in this experiment because this blot was only probed to detect RNAs containing the conserved 3'-terminal sequences common to wt BMV virion RNAs, while in BBC2 the 3'-terminal noncoding sequences and a C-terminal section of the 2a gene have been replaced with the corresponding sequences from CCMV RNA2 (Fig. 1 than that of mutant PT16, which has only the relevant N-terminal deletion (Fig. 2) .
For all frameshift and deletion mutants that supported RNA replication, negative-strand RNA accumulation was determined by probing Northern blots of glyoxal-denatured protoplast RNA with a negative-strand-specific BMV probe, as in previous experiments (33, 34) . In all cases, the ratio of negative-to positive-strand RNA accumulation was similar to that in the wt (results not shown). To explore the possible existence of multiple independent 2a functions or (17) . Experiments with BMV-CCMV RNA2 hybrids also suggested that 5'-proximal sequences extending into the 2a reading frame influence the accumulation of BMV RNA2 and the differential in vivo recognition of BMV and CCMV RNA2 by their respective replicases (53) .
To further localize internal sequences with cis-acting effects on RNA2 accumulation, the activity of the deletion mutants shown in Fig. 1 as templates for in vivo replication was examined. Collectively these deletions span all but the extreme 3' end of the 2a open reading frame (Fig. 1) . Viable N-terminal 2a deletion mutants PT14 and PT16 have no obvious cis-acting defect, since the amplification of these RNA2 derivatives in normal three-component inoculations is comparable to that of the wt RNA1 level in the same infections (Fig. 2) was similarly apparent in inoculations with C-terminal RNA2 deletion mutant PT50 (Fig. 3) .
All other deletions in this collection blocked the ability of 2a protein to support RNA replication in trans ( Fig. 2 and results not shown). To determine the cis-acting effects of these remaining deletions, each mutant was coinoculated into protoplasts along with in vitro transcripts from wt RNA1, RNA2, and RNA3 cDNA clones, thus providing all virus functions including wt 2a protein in trans (53) . Differences in electrophoretic mobility allowed the wt and deleted forms of RNA2 to be clearly separated in agarose gels and the level of their respective accumulation to be compared by hybridization to an RNA2-specific probe. Mutants PAll, PA12, and PA13 were amplified in four-component inoculations, although they accumulated to lower levels than wt RNA2 (Fig. 4) . These mutants have large nonoverlapping deletions within the central conserved region of 2a (Fig. 1) . By contrast, there was no detectable accumulation of N-terminal deletion mutants PT18, PT24, PT60, and PT80 and internal deletion mutant PT70 when wt BMV proteins were supplied in trans (Fig. 4) .
Viable RNA2 derivatives are encapsidated. RNA sequences that direct specific interactions with viral capsid protein have been described for several viruses, including TMV (20) and Sindbis virus (55) . Accordingly, as preparation for wholeplant tests, the BMV RNA2 derivatives that supported significant RNA replication in trans were assayed for their ability to be encapsidated into virus particles in barley protoplasts. These RNA2 derivatives (mutants PT11, -14, -50, -64, and -66 and BBC2) were all recovered from infected protoplasts in a PEG-precipitable, nuclease-resistant form (Fig. 5) . Previous results confirm that this encapsidation assay is completely dependent on the expression of BMV coat protein and its ability to interact with viral RNA (6, 50 RNAs in the encapsidated (Fig. 5 ) and total RNA ( Fig. 2 and 3) extracts show that the introduced deletions did not detectably reduce the efficiency of RNA2 encapsidation.
RNA2 mutations affect BMV systemic infection of barley. Omission of any single BMV genomic RNA transcript from the inoculum prevents systemic infection of barley plants (3) . Inactivation of either the 3a or the coat gene on RNA3 also abolishes systemic spread of bromoviruses in host plants (8, 50) . To examine the possible effects of deletions in RNA2 and the 2a protein on infection of barley, transcripts of RNA2 mutants PT11, -14, -50, -64, and -66 and BBC2
were inoculated onto barley plants together with wt RNA1 and RNA3 transcripts. These mutants were chosen because they exhibited wt or only moderately reduced RNA replication in protoplasts ( Fig. 2 and 3 ). Each mutant was tested in four or more separate experiments. At 7 to 10 days p.i., 80% or more of wt BMV-inoculated plants showed typical mosaic symptoms, stunting, and chlorosis in both inoculated and uninoculated leaves. Plants inoculated with any of the above mutants remained symptomless as long as they were observed (4 weeks p.i.). At 2 weeks p.i., virus was separately purified from inoculated and uninoculated leaves of the above plants, and viral RNAs were recovered and subjected to Northern blot analysis (Fig. 6) . In all cases, much less virion RNA was recovered from the leaves of mutant-infected plants than from wt-infected plants. Despite RNA2 hybrid BBC2 accumulated to a very low level in inoculated leaves but was never detected in uninoculated leaves (Fig. 6 ).
DISCUSSION
The sequence of BMV 2a protein can be divided into three segments: a large central domain with extensive similarity to polymeraselike proteins from many other RNA viruses and N-and C-terminal flanking domains without obvious counterparts in the nonstructural proteins of these other viruses (25) . We have used a series of BMV RNA2 mutants encoding truncated 2a proteins to examine the role of the nonconserved flanking domains in directing RNA (Fig. 2) . This gradient of diminishing activity extends earlier evidence that the N-proximal sequences in 2a contribute an important function or functions to RNA replication. By exchanging selected 2a gene segments between BMV and the related bromovirus CCMV, we previously found that sequences within the N-terminal 358 amino acids of 2a are a major determinant of the successful interaction of 2a with la protein, RNA1, or both (53) . Recent results suggest that la, 2a and several host proteins exist as an immunoprecipitable complex in BMV polymerase extracts (45) . A role for the nonconserved N-terminal 2a segment in forming a noncovalent complex between 2a and la would explain the absence of corresponding sequences in TMV, since the TMV protein domains analogous to la and to the polymeraselike core of 2a are covalently linked by translational readthrough in the TMV 183-kDa RNA replication protein (see the introduction).
In contrast to the relatively gradual decline in activity exhibited by N-terminal deletions, the C-terminal boundary of BMV 2a sequences required for RNA replication was more clearly demarcated. Proteins lacking the last 125 amino acids were active; those lacking the last 150 residues were completely inactive (Fig. 3) . As shown in Fig. 1 , these endpoints closely flank the C-terminal boundary of the polymeraselike region in 2a, which has similarity with Sindbis virus nsP4, TMV 183-kDa protein, and other viral proteins. Significantly, the region of similarity defining this boundary extends to within a few residues of the ends of the Sindbis virus and TMV proteins (25) . The deletion results may partially explain the previous finding that antibodies against a peptide containing the last 26 amino acids of BMV 2a failed to inhibit RNA synthesis by a 2a-containing extract from BMV-infected cells (46) . In fact, while deleting the last 125 amino acids of 2a caused a very slight reduction in RNA accumulation, deleting the last 32 amino acids had no detectable effect on RNA replication (Fig. 3, mutants PT50 and PT11). The high replicative activity of mutant PT11 is J. VIROL. also consistent with the observation that the C-terminal 19 amino acids of BMV 2a are missing from the closely related but shorter CCMV 2a protein (7) .
By combining N-and C-terminal deletions into one doubly truncated protein, mutant PT66 defines a core region of the 2a protein that is sufficient for all requisite RNA replication and transcription functions ( Fig. 1 and 3) . Presently it remains unclear why the loss of 2a activity due to the N-terminal deletion of mutant PT16 was partially restored in mutant PT66 by subsequent deletion of C-terminal sequences ( Fig. 2 and 3 ). This might reflect protein folding and/or stability differences, and the dissimilar replication activities of mutants PT10 and PT50, which differed only in the number of alternative-frame codons translated after the introduced frameshift or deletion, may have a similar basis.
BMV RNA replication entails multiple functions, including template recognition and binding for positive-and negative-strand synthesis, subgenomic promoter binding, initiation, elongation, strand separation, and capping. The large sizes (103 and 94 kDa) of the BMV la and 2a proteins and the presumptive multiplicity of virus-specific functions they must fulfill suggest that one or both may be multifunctional. The phenotypes of previously characterized site-specific 2a substitution mutants are also consistent with this possibility (33) . None of the mutants in this study, however, exhibited a defect demonstrably specific to positive-strand, negativestrand, or subgenomic RNA synthesis, and lethal or weakly active N-and C-terminal deletions failed to complement each other. Thus, the required N-terminal region and central polymeraselike core of 2a may carry out a single function or linked functions, or some physical constrains may prevent complementation between these regions when carried on separate proteins.
cis-acting effects of deletions on RNA2 accumulation. Viral RNAs necessarily contain sequences or structures that designate them as templates for viral replicase. Negative-strand promoter functions reside in the highly structured, tRNAlike end conserved among the 3' noncoding regions of all three BMV genomic RNAs (1, 15, 17, 47) . 5' nontranslated sequences of BMV and CCMV RNAs are also required in cis for RNA replication, apparently for promoting positivestrand synthesis (17, 42, 44) , and intercistronic noncoding sequences strongly influence BMV RNA3 amplification in cis (17) . Results presented here show that cis-acting sequences regulating BMV RNA accumulation are not always restricted to noncoding regions. Deletion analysis defined a region within the 2a open reading frame, less than 300 nt long, that contains sequences required for detectable accumulation of RNA2 in BMV-infected cells ( Fig. 1 and 4) . Deletions in this region either may remove some cis-acting primary sequence or may influence the higher-order structure of RNA2. These data are consistent with earlier results that suggested that sequences important for RNA2 replication template activity reside within a large 5'-proximal domain extending into the coding region (53) . The Sindbis virus nsPl coding region similarly contains a cis-acting RNA encapsidation signal (55) and a 51-base conserved sequence suspected but not proven to have a cis-acting role in positive-strand initiation (41) .
Differences in RNA stability as well as synthesis may contribute to differences in accumulation within inoculated cells. The mutant RNA2s that failed to accumulate after coinoculation with the complete wt genome (mutants PT18, -24, -60, -70, and -80; Fig. 4 (53) . These effects were not due to defects in encapsidation of the RNA2 derivatives (Fig. 5) . Because the mechanisms of symptom induction in bromovirus-infected plants are unknown, it is unclear whether the lack of symptoms in the mutant-infected plants was due to the reduced virus concentration alone or to more specific effects. The disparity between the replication levels of these mutants on an individual protoplast basis and the relative accumulation of virus in whole plants suggests that the observed yield reductions in plants may result from defects in the spread of infection or conceivably from alterations in host responses to infection (27) . Plant virus infection entails both short-range (cell-to-cell) and long-range (systemic) spread of virions or viral components in host plant tissues. Despite important recent advances (12, 56) , the transport mechanism(s) underlying such infection spread remains uncertain. For TMV and BMV, normal spread of infection throughout host plants requires a nonstructural virus protein dispensable for RNA replication (TMV 30-kDa protein and BMV 3a protein [8, 14, 37] ) and coat protein (8, 50, 51) . Previous reassortment studies with the genomic RNAs of BMV, CCMV, and related viruses have also shown that RNA1, RNA2, or both play a role in systemic spread and/or host specificity (6, 48, 57) . The possible role of 2a protein in systemic spread or in the induction of host responses that limit virus infection (27) is currently unclear. Overall, the effects of the RNA2 mutations on whole-plant infection suggest either that RNA2 encodes functions other than its recognized role in RNA replication or that transport of progeny genomes is linked in some way to their synthesis.
